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Abstract-Circadian variations in  plasma iron levels were first reported in humans in 1937. Influences of the 
sleeping pattern and of  plasma cortisol and adrenalin levels on these variations as well as the reproducibility of the 
phenomenon itself are discussed controversially in the literature. The influence of food intake, however, was not 
considered in  most of the studies and is  therefore subject of this investigation. 
Circadian plasma iron and plasma transferrin variations were determined in rabbits and compared under free 
access to food and under starvation (caecothrophy was not prevented). Population-mean-cosinor analysis of 
circadian plasma iron concentrations showed similar variations in the fed and starved condition (mesor: 116.6pg/dl 
vs 118.1 pg/dl, acrophase 0752 hr vs 0728) except for a significant increase of the circadian amplitude under free 
access to food (30.9pg/dl vs 22.3pg/dl, K0.05). There was no variation in plasma tramferrin, which shows that 
24 hr variations in plasma iron are not caused by modulation o f  plasma transferrin. These findings demonstrate 
a circadian rhythm for plasma iron, the amplitude of  which is  increased by food intake. 
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Introduction 
A circadian rhythm of plasma iron in men with 
lowest concentrations between 1800 and 2400 
was first described about 50 years ago (1-3). 
Changes in this pattern during night shifts were 
observed (4) and  connected to the sympathi- 
cotonus (5) as well a s  to influences of the 
reticulo-hypothalamic system (6). The idea of 
sympathetic influences on plasma iron was 
objected by Hamilton (7) in 1950, who in turn 
found a relationship between plasma iron 
concentrations and the adrenocortical function 
in dogs andcats. Paterson, however,showed that 
neither adrenalin, nor ACTH nor cortisol had 
any impact on the 24 hr fall and rise of plasma 
iron, neither in healthy humans nor in Addison's 
disease (8). 
Not on ly  that the attempts to explain circadian 
changes in plasma iron levels remained unsatis- 
factory, even the phenomenon itself was not 
consistently found. Bowie (9) did not observe 
any consistent pattern in the 24 hr variations of 
plasma iron in 1 1  humans, while Wiltink (10) 
described maximal plasma iron values in the late 
afternoon in 13 cases, which is 180" out of phase 
to earlier observations. A Gaussian distribution 
of the range of circadian plasma iron variations 
was described asearly as 1944by Hoyer (4). With 
the exception of Wiltink (10) who administered a 
standardized diet every 4 hr to two volunteers as 
a set of controls, the aspect of food intake and its 
periodicity was not considered in any of these 
studies. 
The total plasma iron content amounts to  
about 7 mg in healthy men. Thisseems negligible 
compared to body iron stores containing roughly 
1 g. One to 2 mg of iron are daily absorbed from 
the 10-20 mg a normal western diet contains 
( 1  l ) ,  which is equivalent to roughly 25% of total 
plasma iron. Thus, two major sources of 
influence on the plasma iron level must be 
considered: iron-absorption (12) and  reticulo- 
endothelial iron uptake and release (13). When 
iron-deficient animals were compared with 
normal controls both of these factors were found 
to depend largely on the size of body iron stores, 
which had not been determined in the studies 
summarized above. 
This study investigates the 24 hr variations of 
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plasma iron in rabbits. They are the smallest 
laboratory animals that allow the necessary 
blood sampling for intraindividual comparison 
over 24 hr without severely depleting body iron 
stores. The 24 hr variations of plasma iron were 
examined under free access to food and under 
food deprivation. The results were related to 
body iron stores. The paper shall contribute to 
the discussion on the factors responsible for the 
circadian variations of plasma iron concentra- 
tions. 
Material and Methods 
Six adult male rabbits (GroR-Chinchillas, Riedl, 
Miinchen, FRG; weight 3.8-4.6 kg) were housed 
individually on stainless steel grids under L:D = 
12: 12 (lights on 0630-1830), constant tempera- 
ture (22°C) and humidity (60%). The animals 
were allowed to adapt to their environment for 4 
weeks. The study was performed in February/ 
March with all animals at the same time. Body 
weights are listed in Table I .  The animals were 
kept on a diet (Diet H 4000, Botzenhardt KG, 
Kempten, FRG) supplemented with 50 mg/kg of 
iron and 5 mg/kg of copper, fed ad libitum. 
Caecotrophy was not prevented. Tap water was 
available ad libitum. 
In the first experiment 2 ml of blood were 
drawn from the ear-veins at  6 hr intervals (1200, 
1800, 2400, 0600, 1200) via a preexperimentaly 
inserted canula, while the animals had free access 
to food and tap-water. A second experiment was 
performed two weeks later in the same animals 
following the same schedule and procedure 
except that the animals had been without food 
for 24 hr prior to as well as during the experiment 
Table 1.  Individual data for body weight, Hb and liver 
non-heme iron (day of sacrifice, 9.00 hr) 
Body weight Haelnoglobin Liver non-heme iron 
No. (8) (g/ 100 ml) ( P u g  ww) 
1 4630 9.3 580 
2 3780 8.6 128 
3 4060 9.0 I84 
4 3965 10.3 462 
5 3810 10.8 613 
6 3915 9.3 211 
(48 hr without food altogether). During this time 
only demineralized water was available ad 
libitum. 
The plasma iron content and in two animals 
the free iron binding capacity were determined 
photometrically using a standardized test kit 
(Merckotest No.3317 and No.3313, Merck, 
Hohenbrunn, FRG) based on the iron- 
bathophenantrolin reaction. Plasma transferrin 
was determined quantitatively under free access 
to food by means of Mancini's radial immuno- 
diffusion (anti-rabbit transferrin froni goat 
(01 12-1414), Cooper Biomedical, Frankfurt/M, 
FRG). Haemoglobin values were measured a t  
0900 hr on the day of sacrifice according to the 
cyan-haemoglobin method. Non-heme-iron was 
determined in liver-tissue after the animals were 
sacrificed a t  1200. Determination followed the 
procedure described by El-Shobaki (14) (6% 
liver tissue homogenates, extraction of non- 
heme-iron by H C I  (4.25 N, I hr, 90°C), 
photometric quantification (546 nm) of the iron- 
dipyridil complex). As appropriate blancs had 
shown, iron contamination was successfully 
avoided by use of plastic material and by 
decontaminating glass ware with nitric acid. 
All reagents used were of p.a. grade and 
purchased from Merck, Hohenbrunn, FRG and 
Sigma, Miinchen, FRG. 
The 24 hr variations were statistically vali- 
dated by means of an analysis of variance 
(ANOVA) as well as by single cosinor and 
population mean cosinor analysis (15) (P<O.O5 
was regarded a s  significant). The differences of 
circadian amplitudes with and without access to 
food were tested by Student's t-test. 
Results 
Individual body weights, H b  and liver non- 
heme iron are given in Table 1.; Table 2. shows 
the correlation between non-heme iron on  the 
one hand and transferrin, Hb,  as well as 
circadian plasma iron mesor and amplitude on 
the other hand. 
Individual plasma iron values under free 
access to food are depicted in Figure IA.  The 
animals showed similar patterns with high values 
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Table 2. Correlation coefficients ( r )  
Free access no  access 
Plasma- to Food to food 
transferrin Hb Mesor amplitude Mesor amplitude 
Liver lion -0.96 0.92 0.09 0.05 0.1 I -0.08 
-heme iron 
200 I 
1200 1800 2400 600 1203 hrs 
0 1 .  
Figure I A .  24 hr variations in plasma iron concentration in 
rabbitswithfreeacccsstofood. (Numberson therlght identify 
the six animals). 
lz00 1800 2403 600 1200 hrs 
01 c 
Figure 1B. 24 hr variations in plasma iron concentration in 
rabbits without access to food. (Numbers on the right identify 
the six animals). 
at  noon and low levels between 1800hr and 
2400 hr. Figure 1B shows the figures from the 
same animals after food deprivation. Each 
animal retained its individual pattern; the 
numbers on the right in Figure lA/B identify 
the six animals. 
By use of the single cosinor method a 
significant circadian variation (P<  0.05) could be 
detected in five animals under free access to food. 
Figure 2. 24 hr variations in plasma iron concentration, data 
expressed as  percent of the 24 hr mean. ( N  = 6 .  .? f S.E.) C) No 
access to food (100% = 121.4 2 8.16pg/dl) 
(N = 30, f f S.E.) 0 Free access to food (100% I I .9 f 8.07 
pg/dl) (N  = 30, X f S.E.) 
Without food it was found in just one animal. 
The population mean cosinor detected a signifi- 
cant variation (P<O.Ol) under free access to food 
with a mesor of 116.6pg/dl, an  amplitude of 30.9 
pg/dl,and an acrophase of -1 18", equivalent to 
0752 hr. Without food circadian variations were 
also significant (P<O.OO I ) .  Compared to the fed 
condition the mesor did not change ( 1 I8,l pg/dl) 
nor did the acrophase (-112" = 0728 hr) but a 
decrease in amplitude to 22.3 pg/dl was observed 
(P<0.05, /-test). When expressed as 5'4 of the 24- 
hr-mean the six animals showed a range 
between 75.4% and 122.4% under free access to 
food and between 82.2% and 113.6% without 
access to food (Figure 2). An ANOVA of this 
data was significant in the starved animals only 
Plasma transferrin (Figure 3) did not vary 
significantly within 24 hr under free access to 
food (24 hr mean: 2.84k0.24 mg/ml, n = 30, 
(P<O.OO 1 ). 
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Figure 3. 24 hr variations in plasma transferrin. 24 hr mean: 
2.83 ? 0.24 mg/ml, (N = 30, Fk S.E.)(Numbers on the right 
identify the six animals). 
X= S.E.; circadian range: 99.6-100.796 of the 24 
hr mean). The free iron binding capacity of the 
plasma showed 24 hr variations inversely cor- 
related to those of plasma iron (investigated in 
two animals, results not shown). 
Discussion 
In plasma over 95% of iron is bound to 
transferrin. Therefore, plasnia transferrin has to 
be considered when looking at parameters which 
possibly intluence the circadian behaviour of 
plasma iron. However, no 24 hr variation of 
plasma transferrin was observed (Figure 3) .  The 
circadian variations of plasma iron are thus 
supposed to modulate the free iron binding 
capacity of a constant amount of plasma 
transferrin. Indeed, this was described for men 
(9) and rabbits (16) and comparable values were 
found in two animals in this study. Transferrin 
has a t l / 2  of about 3.5 days (17). Therefore, no 
dependence of transferrin plasma concentration 
on a circadian pattern of synthesis of metaboliza- 
tion of this protein could be expected. 
Body iron stores were individually character- 
ized by liver non-heme iron, haemoglobin and 
plasma transferrin concentrations. The range of 
liver non-heme iron concentration and the 
comparison of haemoglobin and plasma iron 
values with the literature (16) show, that there 
was a varying degree of iron deficiency in the six 
animals, although they were fed on a sufficiently 
iron substituted diet for 4 weeks prior to the 
experiments. The necessity for control qf these 
data is thus underlined for studies dealing with 
iron-absorption and ferrokinetics. As expected 
(18) liver non-heme iron, haemoglobin and 
plasma transferrin concentrations were well 
correlated among each other. On the other hand, 
these parameters did not show any significant 
correlation with the circadian mesor and anipli- 
tude of plasma iron (Table 2). 
In animals without access to food a significant 
circadian plasma iron variation was demon- 
strated. The most likely cause of this phenome- 
non is a circadian variation in the exchange 
between plasma iron and the much bigger iron 
compartments , e .g . iron -s t ores, e ry t h ron , 
functional iron. In rats 24 hr variations in 
reticulo-cndothelial iron release after phagocyto- 
sis of 5yFe labeled erythrocytes coincide with the 
24 hr variations in plasma iron (19). 
When free access to food was compared to 
food deprivation a significant influence 
(P<0.05) of food intake on the amplitude of 24 
hr variations of plasma iron became evident 
(30.9 pg/dl v 22.3 ug/dl). The circadian r h y t h m  
present in animals without access to food is thus 
amplified by food-iron. Caecotrophy (excretion 
and reingestion of highly digestible caecal 
content) was not prevented in this study. which 
implies that caecal contents were recirculated. In 
animals prevented from caecotrophy, even 
greater differences in the amplitude of circadian 
plasma iron variations should be expected 
between starved and fed animals. The increase in 
interindividual variation under free access to 
food in this study may be explained by large 
interindividual differences in the circadian fced- 
ing patterns, that were reported tor rabbits (21), 
but were not determined in this study. The 
relatively small circadian amplitude in plasma 
iron concentrations in rabbits as compared to 
larger variations reported for humans may at  
least partly be explained by the different feeding 
pattern of the two species: 3-5 meals during the 
active span in men versus 20-30 meals in  the 
rabbit, which are more evenly distributed over 24 
hr (21). 
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The diet used in this study leads to an 
estimated absorption of 3,6 pmole Fe/24hr/kg 
body weight (40 g food intake/24 hr/kg body 
weight. 10%) absorption, caecotrophy neglected) 
which would cause an increase in  plasma iron of 
320 pg/dl (blood vol. = 7% of body weight, Hk 
40%). As the amplitude of circadian plasma iron 
variations under free access to food is only 30.9 
pg/dl, this is evidence for a rapid distribution of 
absorbed iron into the other iron compartments. 
Circadian variations in the bioavailability of oral 
iron compounds can therefore hardly be 
measured by comparison of 24 h r  plasma iron 
variations as performed by Tarquini e ta / .  (20). It 
remains to beelucidated, whether in his study the 
difference in plasma iron concentration after 
oral iron application were caused by an increase 
in iron absorption or rather by changes in iron 
distribution. 
A circadian variation ofserum iron concentra- 
tion was also described by Fox et u/. in night- 
active rabbits, which, however, is 180" out of 
phase to the results of this study. On the other 
hand, the circadian variation of this study is in 
phase with circadian serum iron concentrations 
in man (day-active) (7). Fox et a/. kept thier 
rabbits in outside hutches, whereas o u r  animals 
were kept inside the institute. Since rabbits are 
very sensitive to noise as zeitgebers (21), the 
circadian system of our animals might have been 
synchronized to the human rest/activity cycle. 
This study demonstrates in rabbits a circadian 
rhythm in  plasma iron levels under food 
deprivation, the amplitude of which is increased 
by food intake. Comments on the mechanism 
and regulation of 24 hr plasma iron variations 
under starvation, however, are beyond the scope 
of this investigation. 
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